Summary 1. Synaptic transmission from hair cells to afferent eighth nerve fibers was studied in goldfish's sacculus (inner ear) by recording the microphonic potential and excitatory postsynaptic potentials (EPSPs) simultaneously. The microphonic potential was recorded extracellularly from the base of hair cells, and EPSPs were recorded intracellularly from individual nerve fibers. 2. There was an excellent one to one correspondence between microphonic deflections and EPSPs. An EPSP followed each microphonic deflection with a delay of about 0.5 msec. The delay was found to stay unchanged for different frequencies of sound. 3. Spontaneous miniature EPSPs were observed. Duration of these miniature potentials, about 0.5 msec at their half-width, roughly coincided with the duration of the sound-evoked EPSPs. A close correlation was found between the duration of a microphonic deflection and that of the corresponding EPSP. 4. The EPSP changed in size when the membrane at individual afferent nerve terminals was polarized by a flow of extrinsic current. A hyperpolarizing current produced an augmentation of the EPSP, while a depolarizing current produced its diminution. The EPSP was reversed in sign when a strong depolarizing current was applied. 5. These results conform to the view that the transmission from hair cells to afferent nerves is chemically mediated and that the depolarization of hair cells as represented by the positive deflection in the intramacular microphonic potential would trigger the release of the transmitter.
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In mechanoreceptor organs, such as the ear or the lateral line canal organ, afferent nerve terminals synapse on hair cells, receiving excitatory effects from the latter. Based on fine structures of the junction as revealed by electron microscopy, the transmission at this synapse is now believed to be chemically mediated (DAVIS, 1965; FLOCK, 1971; GRUNDFEST, 1964 GRUNDFEST, , 1965 GRUNDFEST, , 1971 HARRIS and FLOCK, 1967; WERSALL et al., 1965) . However, neurophysiological studies on the mechanism of afferent eighth nerve fiber excitation have been scarce, due mainly to difficulties in recording potential changes from fine nerve terminals. In this respect, the goldfish's sacculus (inner ear) presents a convenient material, since certain eighth nerve fibers in the saccular nerve in goldfish have such a large diameter that potentials can be recorded intracellularly near their terminals (FURUKAWA and ISHII, 1967a, b ; ISHII et al., 1971a, b) . Moreover, the microphonic potential of the sacculus can be used as an indicator of hair cell activity as has been shown in a previous paper (FURUKAWA et al., 1972) .
For the present paper, we explored the transmission at hair cell-eighth nerve junctions by comparing the pre-and postsynaptic potential changes. Emphasis was placed upon the synaptic delay and time course of the excitatory postsynaptic potentials (EPSPs) and also upon the effects produced on EPSPs by polarizing the postsynaptic membrane. Since presynaptic elements in the present material are receptor cells, their activity is graded and can readily be controlled by changing the stimulus parameters. This is one of the unique features of the present material, making it an interesting object from the point of view of the general physiology of synaptic transmission.
METHODS
Experiments were carried out on anesthetized and immobilized goldfish about 12 cm in size. Arrangement of two microelectrodes for simultaneous recording of microphonic and nerve responses is shown in Fig. 1 A. First, a microelectrode with a somewhat coarse tip (1-2 u) was inserted such that it was about perpendicular to the saccular macula for a recording of the intramacular microphonic potential (E-1 of Fig. 1 A) . Another microelectrode with a very sharp tip was then inserted roughly vertically to record intracellular potential changes from eighth nerve fiber terminals (E-2 of Fig. 1 A) . Usually, the microelectrode stayed inside the nerve fiber for only about 10 min or so. Therefore, repeated insertions were required during an experiment. In some cases, tetrodotoxin (10-5 g/ml) was applied locally to the saccular nerve so as to suppress the spike potential. Tetrodotoxin apparently did not have any effect on either the microphonic potential or EPSP (FURUKAWA et al., 1959; KATSUKI et al., 1966; KONISHI and KELSEY, 1968 ; MATSUURA, et al., 1971) .
Sound stimulus was delivered through a loud-speaker placed at a distance of about 30 cm from the animal. Usually, potential changes were recorded on a four-track FM magnetic tape and were processed afterwards. During electrical recording, the fish was immobilized with an intramuscular injection of Gallamine triethiodide. Other details of experimental methods have been described elsewhere (FURUKAwA and ISHII, 1967a ; FURUKAWA et al., 1972) . 
RESULTS

Simultaneous recording of EPSPs and microphonic potentials
Responses of single eighth nerve fibers are compared with microphonic potentials in Fig. 2 . The microphonic potentials shown here (middle traces) were recorded intramacularly from the dorsal part of the macula, hence deflections are produced in response only to the compression phase of sound (FURUKAWA et al., 1972) . Nerve responses shown in the top traces were recorded from single eighth nerve fibers and are composed of EPSPs and spike potentials. They largely fit the usual pattern of postsynaptic events where spike potentials are set up at a certain threshold. EPSPs in these traces are evoked at twice the frequency of sound, i.e., successive deflections represent responses to the compression and rarefaction phases. Namely, these nerve fibers were connected with hair cells in the dorsal part as well as in the ventral part of the macula, receiving excitatory inputs from either group of hair cells (c1 and c2 in Fig. 1 B) . A problem here is to find out which deflections in nerve responses could be correlated with the microphonic potentials. When records in Fig. 2 are carefully examined, it soon becomes clear that out of successive nerve responses only the deflections marked with arrows can be correlated with the microphonic potentials. Namely, each microphonic deflection precedes the corresponding EPSP, marked with an arrow, by 0.5 to 0.6 msec. (Arrows also mark the rising phase of each microphonic deflection.)
For instance, the first EPSP in Fig. 2 A can easily be correlated with the first microphonic deflection.
Certainly both of them represent responses to the first compression phase of sound, i.e., the first upward deflection in the bottom trace. Microphonic deflections in these records are evoked only in response to the compression phases of the sound, but potentials in these nerve fibers are evoked in response to the compression as well as to the rarefaction phases. Therefore, e.g., in A, only every other deflection in nerve responses (shown with arrows) can be correlated with microphonic deflections. B: Obtained from the same fiber as A, showing responses to the sound with the reversed phase. C and D: Obtained from a different fiber, showing the effects of a change in the sound frequency. Note that the nerve responses, i. e., EPSPs, follow corresponding microphonic deflections with a delay of about 0.5 msec.
In Fig. 2 of sound whose microphonic responses are not shown. Figure 2C and D, obtained from a different nerve fiber, show that the delay from the start of the microphonic potential to the start of the EPSP did not change appreciably by changing the sound frequency from 600 to 300 Hz. In these two cases, the delay was nearly constant at about 0.6 msec. Figure 3 shows an instance in which the nerve responded only to the compression phase of sound. Although records shown in Fig. 3 A seem to indicate that this fiber might be responding to both the compression and rarefaction phases of sound, a 10 dB increase in the sound intensity brought about an increase in only those responses that corresponded to the compression phase ( Fig. 3 B) . Temporal relationships among stimulus sound, microphonic potentials and nerve responses are more clearly observed in this figure. Delay from the microphonic deflections to EPSPs is about 0.6 msec in this instance, too.
Time course of the EPSP Nerve responses in Fig. 4 (top traces) consist only of EPSPs, as spike potentials were blocked by tetrodotoxin. The stimulus sound, 500 Hz, started from the rarefaction phase in A, but from the compression phase in B. Since EPSPs in this fiber were evoked exclusively in response to compression phases of sound, The time to peak and the time of decay, i.e., the time between the peak and a point on the falling phase of the EPSP (0.368 x peak amplitude, CURTls and ECCLES, 1959), are 0.35 and 0.5 msec, respectively, being much shorter than those reported for different synapses (Table 2 ). However, EPSPs in Fig. 4 A and B do not necessarily have the same time course, for some EPSPs are broader than others. Moreover, there is a clear correlation between the width of EPSPs and that of microphonic deflections. Namely, the first EPSP in Fig. 4 A, which corresponds to a broad microphonic deflection, has a half-width of 0.8 msec, being nearly twice as large as the value for the shortest EPSP in the figure. Other EPSPs in Now, microphonic deflections produced by low frequency sound have a longer duration than those produced by high frequency sound (see Fig. 2 C and D) . Therefore, it is expected that EPSPs for low frequency sound may have a duration longer than those produced by high frequency sound.
Such a tendency is clearly indicated in Fig. 2 C and D, but the presence of spikes and local responses made it difficult to estimate EPSP duration accurately.
Therefore, we studied effects of changes in the frequency and intensity of stimulus sound on the time course of EPSPs in preparations to which tetrodotoxin had been applied to suppress spike activity of the fiber. Although there are certain random variations, repetitive trials under the same conditions disclosed clear differences in EPSP time course.
Results of measurements on three fibers from different preparations are shown in Table 1 . Effects of changes in stimulus parameters were rather slight in fiber 1. However, more marked effects were observed in fibers 2 and 3, where frequency and intensity of sound were changed over a wider range. It can be seen that EPSPs for 300 and 350 Hz have a longer duration than those for 500 and 600 Hz. Even at the same sound frequency, an increase in the intensity brings about a prolongation of EPSP. These differences are more clearly shown in Fig.  5 where the half-width of the EPSPs was plotted against the rise time (cf. RALL et al., 1967) . It can be seen that all points lie along a straight line showing the tendency that responses to higher frequency are located closer to the zero point. Since the line connecting the plotted points goes through the zero point, the ratio of half- (Table 1) .
very infrequent occurrence in most of the fibers . In fact, we have found that vigorous discharges of miniature potentials were observed in almost all fibers entered in single experiments. This seems to suggest that the frequency of miniature potentials might have been increased in these instances due to some unknown condition of the fish. The input resistance measured in a few 51 fibers with a bridge method (ARAKI and OTANI, 1955) were in the order of 0.5 MS2, indicating that the input resistance is not so small as in squid giant axons where the miniature potentials are undetectable due to their low input resistance (MILEDI , 1967) . In records shown in Fig. 6 , some successively discharged miniature potentials were fused making potential changes longer in duration than the unitary ones . The composite nature of these potentials can be recognized by the presence of steps, humps or notches. Only those potentials marked with dots seem to be of unitary nature. They have a time course that resembles an isosceles triangle with a half-width of about 0.5 msec. They distribute about equally on both sides of their mean size of about 0.32 mV with a standard deviation of 0.16 mV. It is to be noted that some sound-evoked EPSPs have a short duration comparable with unitary miniature potentials (see the first EPSP in Fig. 4 B) . These short EPSPs must have been produced by a synchronous discharge of a large number of transmitter quanta. Probably, EPSPs with a longer duration would have been produced by a less well synchronized discharge.
Synaptic delay
As synaptic delay, we measured the time interval between the feet of each microphonic and corresponding EPSP deflection.
In Figs. 2, 3 and 4, delay thus measured ranged from 0.5 to 0.7 msec (see also Fig. 8) . But, what these figures mean needs some further elucidation, for the transmitter quanta from the presynaptic cells may not necessarily be released all at once. In view of the fact that most EPSPs recorded in the present study have a duration longer than miniature EPSPs, it is very likely that the release usually occurs with some temporal dispersion in the sense that each EPSP is composed of component potentials evoked with a slightly different timing. Figure 7 shows an example in which the temporal dispersion in the release of transmitter quanta was studied in some detail.
As shown in the bottom of Al to A3, click sound was used as stimulus.
EPSPs to weak click show a great deal of variation in size as well as in their time course, including some failures of response (Al). The earliest EPSPs started with a delay of about 0.7 msec after the initiation of the coupling potential (shown by an arrow; see ISHII et al., 1971b) , but some late responses were evoked with a delay longer than 1.0 msec. A 4 dB increase in stimulus intensity did not bring about any noticeable improvement in these respects, although there is a slight increase in EPSP amplitude and a decrease in the occurrence of failures (A2). A further 8 dB increase of stimulus intensity brought about a marked smoothening of EPSP time course. Then, EPSPs took more or less similar time courses, although a considerable variation was found in their size (A3). It must be noted that the half-width of EPSPs in A3 is about 1 msec, being much longer than the unitary miniature potentials shown in Cl. Bl-B3 show records obtained by averaging 100 responses on a computer. Sound intensities and other recording conditions for B1, B2, and B3 are the same as for Al, A2, and A3, respectively. It can be seen that differences in the time courses of EPSPs are no more marked among these three averaged records. Therefore, it is very likely that the EPSPs shown in Fig. 7A3 , despite their smooth appearance, are composed of component EPSPs discharged with some temporal dispersion; and that, statistically speaking, transmitter quanta were discharged with a similar temporal pattern through A 1 to A3.
Therefore, the synaptic delay as measured from the start of microphonic Fig. 8 . Distribution of the minimum synaptic delay in 10 different eighth nerve fibers.
One can see from the histogram that the minimum synaptic delay ranged from 0.4 to 0.6 msec showing a peak between 0.46 and 0.55 msec. Also there was no systematic change in synaptic delay for different frequencies between 300 and 1000 Hz. Outside this range, however, microphonic potential and EPSP became small in size making a precise measurement of synaptic delay more difficult. Further, as expected, the synaptic delay in the present material was found to be sensitive to temperature changes. When the preparation was cooled, the delay was markedly prolonged. But the increase in the EPSP duration was less marked. On the other hand, effects of cooling on the time course of microphonic potentials were very slight (FuRDKAWA and MATSUURA, unpublished observations).
Effects of electrotonus on the amplitude and polarity of the EPSP
The amplitude of EPSPs in a chemical synapse is known to be related linearly to the value of the initial membrane potential. For example, the end-plate potential at frog neuromuscular junction is augmented in size during membrane hyperpolarization produced by passing a current inward through the muscle fiber membrane.
In the present experiment, the polarizing current was applied through the same microelectrode as used for the potential recording (ARAKI and OTANI, 1955) . Figure 9 shows the effects of hyperpolarizing currents on postsynaptic responses. As can be seen in a control response (A), EPSPs and spike potentials are evoked in this fiber at a rate twice that of the sound frequency. When a weak hyperpolarizing current was applied, there was an increase in the amplitude both of spikes and EPSPs (B). Upon increasing the current intensity, spike potentials were blocked leaving enormous EPSPs (C and D). An unexpected finding is that the EPSPs were not only augmented in size, but increased also in their duration, leading to a summation of successive EPSPs. The effects of hyperpolarizing current were tested in 17 units. EPSPs were increased in size during hyperpolarization in all of these instances. Also a prolongation in EPSP duration was observed in most of the cases studied.
A current in a depolarizing direction made the EPSP smaller. When the current intensity was strong enough, EPSPs were reversed in sign. In more than 25 trials on different fibers, however, such polarity reversal could be observed in only three instances.
An example of such a case is shown in Fig. 10 . In the rest of the cases, EPSPs could only be reduced to almost nothing.
In the case of EPSPs were evoked at a frequency twice that of the sound, but responses to the compression phases of sound were much larger than those to the rarefaction phases. At the resting membrane potential (-59 mV in this case), amplitude of the largest EPSP was 23 mV. Upon applying a depolarizing current, EPSPs were reduced in size and eventually reversed in sign. The initial membrane potentials, as determined from the magnitude of the bridge unbalance, are shown to the left of each trace of Fig. 10A . When EPSP size in the experiment was plotted against the initial membrane potentials, they mostly lay along a straight line as shown in Fig. 10B . The reversal potential of the EPSP was found to be located at about zero membrane potential. But the value should be regarded as approximate, for it was calculated by assuming that the membrane and electrode resistances stayed unchanged.
It remains to be clarified why EPSPs could be reversed by a depolarizing current in only a small number of cases, although a reduction to almost nothing was more common. A possibility is that the polarizing current delivered to an eighth nerve fiber might spread to hair cells and modify their membrane potential. As suggested by the presence of coupling potentials, there is a loose electric coupling between hair cells and eighth nerve fibers which innervate them (Ism et al. ,1971b) . Therefore, a likely explanation for a difficulty in observing EPSP reversal in the present material is that hair cells are depolarized fairly strongly by a current delivered to an eighth nerve fiber. We found that traces became very noisy when a strong depolarizing current was applied to an eighth nerve fiber. The noise might be interpreted as having been produced by a random transmitter discharge from receptor cells under the influence of steady depolarization. Likewise, a prolonged time course of EPSPs during a flow of hyperpolarizing current might have some. bearing on sustained hyperpolarization of receptor cells.
DISCUSSION
The main purpose of the present study was to establish by electrophysiological means causal relationships between the microphonic potential and nerve responses. The saccular macula of goldfish offers a suitable material for this, since the microphonic potential can be recorded from a homogeneous group of hair cells and can be correlated with potentials recorded intracellularly from individual eighth nerve fibers that terminate on these cells.
When due attention was paid to record potentials from structures that were in the proper functional relationship (cf. Fig. 1 B) , a good one to one correspondence was obtained between microphonic deflections and postsynaptic potentials. Namely, each postsynaptic potential was produced with a definite delay of about 0.5 msec following each microphonic deflection. The presence of such a delay is clearly against the view that afferent fibers might be stimulated electrically by the microphonic potentials (ISHII et al., 1971b) .
On the other hand, there is now abundant evidence in favor of chemically mediated transmission. For example, the graded postsynaptic potential could be reversed in sign upon applying a strong depolarizing current to postsynaptic fibers (Fig. 10) . Spontaneous miniature synaptic potentials were observed, and their time course was very similar to the postsynaptic potentials evoked by sound stimulus. Thus, we are quite sure that the nature of the graded postsynaptic potential is a true EPSP at a chemical synapse (BENNETT, 1968) . Moreover, relationships between the microphonic potential and EPSPs are such that it now looks very likely that the microphonic potential represents presynaptic events which trigger the release of transmitter substance.
Microphonic potentials are produced without any definite delay following the arrival of the sound; if there is any delay between the mechanical and electrical events, it does not vary with the temperature. On the other hand, the time interval between the microphonic potential and EPSP is remarkably sensitive to temperature changes (FURUKAWA and MATSUURA, unpublished observations). The microphonic potential can follow much higher frequencies than EPSPs do ; microphonic potentials in our material can easily follow each sound wave at, e.g., 1500 Hz, but such a high frequency cannot be resolved at EPSP level. Moreover, EPSPs are very easily fatigued for a high frequency sound. Therefore, a sound at 1500 Hz gives rise to a single EPSP of a few msec duration at the onset of the sound. These results seem incompatible with the view that the microphonic potentials might be an epiphenomenon accompanying the secretion of transmitter from hair cells. KATZ and MILEDI (1967a) studied the transmission at the frog neuromuscular junction by recording the action potential of the motor nerve fiber extracellularly in the vicinity of their terminals. They have also shown that packets of transmitter (ACh) are released from a nerve terminal by negative electric pulses applied to its surface. There was a delay between the application of the pulse and the secretion of ACh. This suggests that secretion of ACh is the end-product of the sequence of reaction steps set off by the displacement of the membrane potential. The same line of evidence has been obtained also on squid giant synapses (KATZ and MILEDI, 1967b; KUSANO et al., 1967) .
Situations in the present study resemble those in the experiments of KATZ and MILEDI on the neuromuscular junction. Our intramacular microphonic potentials, recorded with microelectrodes from the base of hair cells, are evoked roughly as positive monophasic potential changes. According to the scheme of DAVIS on the generation of the microphonic potential, such a base-positive phase of the microphonic potential would represent a depolarization of hair cells (DAVIs, 1965; FURUKAWA et al., 1972; HARRIS et al., 1970) . Thus our results can be summarized to the effect that a depolarization of hair cells as represented by positive microphonic deflections gives rise to EPSPs in the afferent fiber after a synaptic delay of about 0.5 msec.
EPSPs in goldfish eighth nerve fibers are quite distinct in that their time course is very brief. As can be seen from Table 2 , the time constant of decay of EPSPs is much shorter in the present material than values so far reported on variety of synapses, though differences are not necessarily great in the time to peak of EPSPs. The short time constant of decay may be attributed to a short membrane time constant of myelinated axons. But, another important factor is a rapid dissipation of electric charge along the axon, since the synapse is located on the distal end of each eighth nerve fiber. So the situation is similar to the neuromuscular junction where the escape of electric charge along the muscle fiber is an important factor contributing to a rapid decay of the end-plate potential (FATT & KATZ, 1951) .
Some correlation was found between EPSP time course and the frequency of stimulus sound; namely, EPSPs by a low frequency sound are longer in duration than those by a high frequency sound. Such differences in the EPSP duration may most likely be accounted for by a different degree of scatter in the timing of the transmitter release as suggested by experiments such as shown in Fig. 7 ( KATZ and MILEDI, 1965) . On the other hand, it has been demonstrated in cat spinal motoneurones that location of synaptic junction on the postsynaptic membrane is of prime importance in determining the duration of EPSPs recorded from the soma (BURKE, 1967 ; RALL et al., 1967) . As to the spatial factor, however, the recording conditions of the present experiment seem to coincide approximately with those that yield the shortest duration of postsynaptic potentials in spinal motoneurones.
The present study was carried out solely on large afferent fibers in the saccular nerve. But there are grounds to believe that situations in small afferent fibers would be similar (FURUKAWA and ISHII, 1967a) . Also, our results seem to have an important bearing on the auditory physiology of mammals. Activities of mammalian auditory fibers are known to show a precise phase-locking to the cycle of the tones (ROSE et al., 1967) . The phase-locking extends to a frequency as high as 4000 Hz. How such precise timing is possible remains to be clarified. The results of the present study may be of some value in considering the problem, for they show that EPSPs in the auditory fibers can be much briefer than might be expected from an analogy with other well-known synapses (ELDREDGE and MILLER, 1971) .
